We describe features of an Active Thermal Control System that suppresses long-period (diurnal and semi-diurnal) temperature variations in a volume of 30 m 3 to amplitudes below a millidegree Centigrade. The system possesses attributes of modularity that allow it to be scaled to arbitrary size. It is therefore likely to be of interest to the larger community engaged in Precision Experiments. P.G. Rodrigues contributed during early stages of the conceptualization of the system, especially with a survey of ICs for SHA. S.K. Guram similarly provided machining help in the early stages.
The Background and the Need for m 0 C thermal control
The Gauribidanur Underground Laboratory, purpose-built for sensitive Torsion Balance Experiments, already has high thermal stability -the passive shielding gained by going underground, suppresses diurnal (24-hr) and semi-diurnal (12-hr) temperature waves to amplitudes well below 50 milli 0 C. However, variations of the temperature not only couple directly to the motion of the torsion balance but also affect nearly every part of a system (the optics, the electronics, mechanical systems), giving rise to noise, or worse, systematic effects that seem identical to the signal that we seek. The sensitive Autocollimating Optical Lever with an angular resolution of 3 x 10 -10 rad is affected by these systematic temperature variations. In the target Equivalence Principle Test to a sensitivity of 1 part in 10 13 , we therefore need to suppress the residual temperature waves to amplitudes below 1 m 0 C.
We describe key aspects of a complete Active Thermal Control System that surrounds the Ultra-High-Vacuum Chamber and associated instrumentation at the base of the Underground Laboratory. In the Dicke-Braginsky mode of operation, it is slow, systematic variations that affect us most. While diurnal and semi-diurnal waves have been suppressed to levels even below the design goal, random temperature variation at higher frequencies ("noise") remains at slightly higher levels, but this is acceptable. 
Reliable Temperature Measurement
Thermistors ("YSI # 46016 B-mix") are our preferred choice of temperature sensor, since their large "signal" is easily read off in "field" conditions. Much effort went into establishing their stability and interchangeability, key factors in the reliable functioning of a large, distributed control system.
Thermistors have a highly nonlinear R vs T relationship. The best empirical descriptor is the Steinhart-Hart Equation:
We CROSS-CALIBRATED our thermistors inside what we call a "Multi-Layer Thermal Enclosure", engineered to reduce thermal gradients between individual thermistors in the ensemble of thermistors being calibrated. The assembly of thermistors includes one designated "Master Thermistor" that is postulated to follow the manufacturer's standard R vs T curve.
Individual thermistors are regression-fitted to the Master Thermistor's temperature to far better than 1 m 0 C. Calibration studies on the same set of thermistors performed roughly every 12 months over ~ 4 years show that different thermistors age or drift slightly differently. However, over a 1 year period they can be used interchangeably within a precision of about 1 m 0 C.
Each thermistor has slightly different values of the coefficient set (a,b,c). Our task: to measure the sets (a,b,c) for every thermistor we used. Questions of stability translate into stability of (a,b,c) .
The Thermal-Mechanical Enclosure
Active Stabilization of Temperature has to be delivered over a region about 2.2m in diameter x 8m in height. Central to our system is a sturdy, modular scaffolding structure. On this are fitted 24 identical thermal panels (8 each on the sides of the octagon, and distributed in three layers). Above View from inside the scaffold, after panels have been fitted on.;
Below View from outside, looking upwards from the base of Undergnd Lab. We followed the "Ziegler-Nichols" tuning procedure, and obtained satisfactory closure in less than 2 weeks of experimenting.
Electronics and Instrumentation for Feedback Control
"Closure"  obtaining a set of control parameters (k p ,k d ,k i ) that lead to acceptable rates of convergence to the set-point and negligible oscillation about it. 
Temperatures of Layer1 Panels during various Control Runs
The last and best tuning run from the dataset above. Fit has amplitude < 0.6 m degC. Parameter set (30,40,3 The development of the thermal control system has involved a number of different steps. Just a few of them are:
Layer1-Avg Data and Fit: With Control
• proving the sensors' (i.e.,thermistors') sensitivity, interchangeability and long-term stability;
• inventing suitable "space-heaters" that incorporate modularity mechanical stiffness with low-mass, and low thermal inertia • development of the ISHA Board around the AD5533, associated electronics, Power Amplifier modules • development of suitable Control Algorithms
We have subsequently made small but steady improvements on the system, such as the "stirring" of the air inside the Thermal Enclosure to reduce vertical temperature gradients. More recently the system has been ported to the LabVIEW platform, and uses NI hardware to replace the ISHA board.
